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Presentation Outline

Wave Energy Resource: A derived form of solar energy, in
that unequal solar heating of the earth’s surface generates wind,
and wind blowing over water generates waves.

« Wave Energy Conversion Devices: Three categories:
— Terminator (OWC = oscillating water column, overtopping reservoir)
— Attenuator (Pelamis)
— Point Absorber (Heaving buoy, submerged float)

 Tidal Energy Resource: Astronomically-governed and thus
highly predictable and relatively insensitive to weather conditions.

« Tidal In-Stream Energy Conversion Devices: Submerged
turbine on monopile foundation has made most progress.

* Electric Power Research Institute Projects: Multi-year,
collaborative efforts leading from feasibility definition study to design,
construction, and operation of 500 kW demonstration projects:

— Offshore Wave Energy Conversion (HI, WA, OR, SF, MA, ME)
— Tidal In-Stream Energy Conversion (AK,WA, SF, MA, ME, NB, NS)
— Hybrid Offshore Wind and Wave Energy Conversion (proposed)



Global Solar Energy Distribution

The highest annual average solar energy flux at sea level is 300 watts per sq.m of horizontal
area (i.e., solar cell surface area). At top of Earth’s atmosphere, the maximum solar energy

flux available to orbiting satellites with sun-tracking solar panels is ~1,370 watts per sq.m.



Winds Move ~60% of Excess Solar Energy from

Eguator to Poles
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Deep-ocean currents move the remaining ~40% (via thermohaline “conveyer belt”).



Global Wind Energy Distribution

1 8
Wind energy flux at 850 hPa (~1,500 m elevation); scale below in watts persq.m
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The highest average wind energy flux at the top of the Planetary Boundary Layer
Is 5,000 watts (5 kilowatts) per sq.m of vertical area (i.e. turbine rotor swept area).



Wind Over Water Generates Waves
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Ocean swell can travel thousands of kilometers in deep water with negligible loss of
energy. Thus wave energy produced anywhere in an ocean basin ultimately arrives
at its continental shelf margins, virtually undiminished until it reaches ~200 m depths.



Calculation of Wave Energy Flux Density

*Where Hg iS su_]m
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Wave Energy Flux in Typical

U.S. Mid-Atlantic Sea State

FORCE 4

D
Force 4 Wind Speed 11 to 16 knots  Signif. Wave Height: 1 to 1.5 m
{moderate breeze)
Sea Criterion: 5Small waves, Peak Wave Period: 4 to 5 sec
becoming longer: fairly frequent
white horses. Wave Energy Flux: 2 to 6 KW/



Global Wave Energy Flux Distribution
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There are few exposed coastlines with annual average wave energy fluxes less than 5 kw/m.




OWC Terminator; Onshore LIMPET
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500 kW demonstration
project connected to utility
grid on Islay, Scotland

in November of 2000

Wavegen LIMPET: Land-Installed Marine Powered Energy Transformer



OWC Terminator: Energetech’s Nearshore Device

Cye

Pogqer Mo

(2

Port Kembla
500 kW
Demonstration

Project

Mooring Lines



Parabolic Wall Yields ~4x More Energy
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Overtopping Terminator: Wave Dragon
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\Wave Dragon Prototype Trials

Funneling side walls
moored separately from
central floating reservaoir.
Unexpected strong winds
during installation caused
damage to one of the side
walls in half-deployed state.



Floating Attenuator: Pelamis
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/50 kW' Pelamis Demonstration Project

3.5 m dia x 150 m long

Pelamis 750 kW prototype installed in August
of 2004 in 50 m water depth, 2 km offshore the
European Marine Energy Centre, Orkney, UK




Point Absorber: Archimedes Wave Swing

2 MW prototype deployed
May 2004 off northern Portugal

High Tide Level

Upper, air-filled floater
heaves up and down in
response to waves
passing overhead.

Permanent magnets fixed
to floater (suspended from
overhead) move relative to
stator coil on anchor base.

Linear
generator




Lunar Tidal Period is 24 Hours

+ 50 Minutes

Although it appears that the tidal bulge
moves around the earth, the earth actually
rotates beneath the lunar tidal bulge.

While the earth

completes one North Pole
daily rotation, the Earth rotates counter-clockwise
moon progresses

slightly in its
27.3-day orbit
around the earth.
As aresult, the
earth must rotate
an additional 50
minutes before
any given location
“catches up” with
the lunar bulge.

MOON'’S ORBIT



Earth-Moon-Sun Tidal Forces
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Predicting Tides and Tidal Currents

The Most Important of the Tide-generating Constituents (After Defant, 1958)

PERIOD AMPLITUDE
SYMBOL (SOLAR HR) (M; = 100) DESCRIPTION
M, 12.42 100.0 Main lunar semidiurnal constituent
Sz 12.00 46.6 Main solar semidiurnal
"_{ constituent
~ N 12.66 19.1 Lunar constituent due to monthly
r:- variation in moon’s distance
SN L T K; 11.97 12.7 Solar-lunar constituent due to
0 Y / ‘\\ changes in declination of sun and
\ R / & moon throughout their orbital
cycle
20
\ / computed K 23.93 58.4 Solar-lunar constituent
0¥ +—+fr————— —=——- observed : . :
0 25.82 41.5 Main lunar diurnal constituent
\ / P 24,07 19.3 Main solar diurnal constituent
40
cm > f My 327.86 17.2 Moon’s fortnightly constituent
0 2 4 ¢ 8 10 12 14 16 18 20 22 24"

A minimum site-specific measured record length of 369 days is needed in order to
capture all significant tide forcing components, the most important eight of which are
shown above. In the absence of strong onshore or offshore winds, tide predictions
based on harmonic analysis of measured sea level records are generally accurate
to within 3 cm in terms of water level and 5 minutes in terms of tidal stage.
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Estimating Tidal In-Stream Energy Resources
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Revisiting the Passamaguoddy Tidal Project
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UK-Based Marine Current Turbines
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Marine Current Turbines

300 kW SeaFlow Marine Current Turbines
(fully operational 1.2 MW SeaGen
since May 2003) (single unit to be installed 2006)



Tidal Stream Energy Devices in North America

e

Verdant Power vz -’ . s

horizontal-axis, i BN ' _ _

(six-turbine, 200 kW test "__ JBK horlzontal -axis, GCK vertical-axis
/= shrouded turblne _ ,_j turbine (barge test on

project to be installed in _ _
Merrimack River, MA)

East River, NY)



Renewable Energy Comparisons

Development
Status

Source

Solar PV

Tidal Current

JN—— 200-300 400-600 20-25 KW/m 3-5 kW/m?2
Density (southern & (US Great 5-15 kW/m 1-2 KW/m2
western US) Plains) (US East Coast) (other US sites)
Day-night; A]:[rrggfspgﬁgc Sea (local winds) Diurnal and semi-
Intermittency clouds, haze, storms (local and swell (from diurnal (advancing
and humidity winds only) distant storms) ~50 min./day)
Predictability Minutes Hours Days Centuries




EPRI North American Ocean Energy Projects
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Offshore Wave Energy Resources
iIn U.S. Exclusive Economic Zone
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Major North American

Tidal In-Stream Energy Resources
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EPRI North American Tidal In-Stream Energy
Conversion Feasibility Demonstration Project

1O

Environmental, regulatory and

towards the development of permitting issues Washington
a sustainable commercial
market for this technology. Phase Il — 12-18 System Design, permitting and | $500- | Private owner
System Design Months | financing - 1 Site — Device 1,000 | or collaborative
K
Phase Il - 12 - 18 1,500 MWh per year Plant $1,500 | Private owner
Construction Months | (500 kW at 40% capacity - or collaborative
factor) 2,700
K
Phase 1V - 1-2 Years | Plant O&M costs $100- | Private owner
Operation 250K | or collaborative
Phase 1V - 1-2 Years | Additional cost due to RD&D $100- | 50% DOE
Evaluation needs 250K | 50% EPRI
Total 5-7 Yrs $3-5




EPRI North American Hybrid Offshore Wind
and Wave Energy Demonstration Proposal

Advantages:
* Not visible from shore

» Shared foundation and
submarine cable costs

* Greater wind and wave
power densities
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Off Virginia, 3-mile limit of state jurisdiction roughly corresponds to 10 m water depth contour.
In deeper waters “over the horizon,” mean annual wind power is 400-500 watts/m? of rotor
swept area at 70 m hub height, and mean annual wave power is 4-5 kW/m of wave crest width.



